Irradiation with Pb ions was used to study the effect of disorder on the in-plane London penetration depth, λ(T ), in single crystals of Ba(Fe1−xTx)2As2 (T=Co, Ni). An increase of the irradiation dose results in a monotonic decrease of the superconducting transition temperature, Tc, without affecting much the transition width. In both Co and Ni doped systems we find a power-law behavior, ∆λ(T ) ∝ T n , with the exponent n systematically decreasing with the increase of disorder. This observation, supported by the theoretical analysis, conclusively points to a nodeless s ± state with pairbreaking impurity scattering (interband) with strength being intermediate between Born and unitary limits.
Irradiation with Pb ions was used to study the effect of disorder on the in-plane London penetration depth, λ(T ), in single crystals of Ba(Fe1−xTx)2As2 (T=Co, Ni) . An increase of the irradiation dose results in a monotonic decrease of the superconducting transition temperature, Tc, without affecting much the transition width. In both Co and Ni doped systems we find a power-law behavior, ∆λ(T ) ∝ T n , with the exponent n systematically decreasing with the increase of disorder. This observation, supported by the theoretical analysis, conclusively points to a nodeless s ± state with pairbreaking impurity scattering (interband) with strength being intermediate between Born and unitary limits.
The mechanism of superconductivity in Fe-based superconductors [1] is a focus of extensive experimental [2] and theoretical [3, 4] efforts. Understanding the superconducting gap structure is crucial for identifying the pairing mechanism. While most of the experiments suggest that the general structure of the pairing state belongs to the most symmetric A 1g class, the multi-band nature of these materials allows for a number of possibilities, including the conventional s-wave state, extended s ± -state with different signs of the order parameter on two bands [4] [5] [6] [7] and states with highly anisotropic gaps and even nodes [8] [9] [10] [11] [12] .
The London penetration depth can be measured with great precision and its variation with temperature depends sensitively on the gap structure. For T ≤ T c /3, a conventional isotropic s-wave gap ∆ 0 results in an exponential behavior, ∆λ(T ) ∝ exp(−∆ 0 /T ), which is preserved even with the addition of non-magnetic impurities [13] . Unconventional pairing states, on the other hand, are susceptible to the presence of non-magnetic impurities [3, [14] [15] [16] . In nodal d-wave superconductors, λ(T ) exhibits a power-law behavior, ∆λ(T ) ∝ T n , with the exponent n increasing from n=1 in the clean case to n=2 in the dirty limit [17] . For the extended s ± state, the opposite trend is expected: ∆λ(T ) is exponential in the clean limit, changing with disorder to a power-law, with n as low as 1.6 [14, 15] .
Experimentally, a power-law behavior with the exponent 2 ≤ n < 3 has been observed in most of the ironbased superconductors [18] [19] [20] [21] [22] [23] [24] [25] . This characteristic exponent n ∼2 can be explained in both dirty d-wave and dirty s ± scenarios. The disorder is always present in the iron-based superconductors where doping (e.g., Co or Ni in this work) is needed to induce superconductivity. One way to resolve this complication is to deliberately introduce defects that do not contribute extra charge but rather only increase the scattering rate. Various ways of controlling the scattering rate have been suggested in earlier studies, especially for the high-T c cuprates, and the effects have been examined by using transport and magnetic measurements [26, 27] . In particular, irradiation with heavy ions, besides producing efficient pinning centers, also significantly enhances scattering, as evident from the significant increase of the normal state resistivity [28, 29] as well as the suppression of T c .
In this work, we study the in-plane London penetration depth in single crystals of optimally Co-and Nidoped BaFe 2 As 2 superconductors irradiated with 1.4 GeV 208 Pb 56+ ions. In both systems we find monotonic suppression of T c with the increase of the irradiation dose without notable transition broadening. The London penetration depth exhibits a power-law behavior, ∆λ(T ) ∝ A T n (2.2 < n < 2.8), with the exponent n decreasing with the irradiation dose. This observation, supported by the theoretical analysis, provides the most convincing case for the nodeless s ± state with pairbreaking scattering (interband) of intermediate strength, between Born and unitary scattering limits.
Single crystals of Ba(Fe 1−x T x ) 2 As 2 (T=Co, Ni denoted FeCo122 and FeNi122, respectively) were grown out of FeAs flux using a high temperature solution growth technique [30, 31] . X-ray diffraction, resistivity, magnetization and wavelength dispersive spectroscopy (WDS) elemental analysis have all shown good quality single crystals at the optimal dopings with a small variation of the dopant concentration over the sample and sharp superconducting transitions, T c = 22.5 K for FeCo122 and 18.9 K for FeNi122 [30, 31] . The in-plane London penetration depth was measured by using the tunnel diode resonator technique [32] [33] [34] [35] . The sample was placed with its crystallographic c-axis parallel to a small excitation field, H ac ≈ 20 mOe. The shift of the resonant frequency, ∆f (T ), is proportional to the sample magnetic susceptibility, χ(T ) via ∆f (T ) = −G4πχ(T ). Here G is a geometric calibration factor, G = f 0 V s /2V c (1 − N ), where N is the demagnetization factor, V s is the sample volume, and V c is the coil volume. The calibration factor was determined from the full frequency change by physically pulling the sample out of the coil. The magnetic susceptibility can be written in terms of λ and the characteristic length R, 4πχ = (λ/R) tanh(R/λ) − 1, from which ∆λ can be acquired [33] .
To examine the effect of irradiation, ∼ 2 × 0.5 × 0.02 − 0.05 mm 3 single crystals were selected and then cut into several pieces preserving the width and the thickness. We compare sets of samples, where the samples in each set are parts of the same original large crystal. Several such sets were prepared and a reference piece was kept unirradiated from each set. Irradiation with 1. The sample thickness was chosen in the range of ∼ 20 − 50µm to be smaller than the ion penetration depth, 60 − 70 µm. The same samples were studied by magneto-optical imaging. The strong Meissner screening and large uniform enhancement of pinning have shown that the irradiation has produced uniformly distributed defects [36] . Figure 1 shows ∆λ(T ) for FeCo122 (top panel) and FeNi122 (bottom panel). The low-temperature region up to ≈ T c /3 is shown in the main frame of each panel. Vertical offsets were applied for clarity. The normalized penetration depths in the vicinity of T c are shown in the inset of each panel to highlight the suppression of T c as the radiation dose increases. Whereas T c is clearly suppressed, the transition width remains nearly the same (see Fig. 3 below) . All samples exhibit a power-law variation of ∆λ(T ) ∝ T n with 2.5 < n < 2.8 up to T c /3, while the exponential fitting failed in all cases. The best fitting curves are shown by solid lines in Fig. 1 . We note that the present set of FeCo122 samples exhibits higher exponents, n, compared to previous works [19, 24] . This variation of n is likely due to disorder, as we clearly demonstrate in this work. Consequently, it is important to conduct a comparison of radiation effects on the samples made from the same large crystal. Magneto-optical characterization has shown a homogeneous superconducting response [36] and the widths of the superconducting transitions were much smaller than the absolute shift due to irradiation, see Fig. 3 . Therefore, it is very likely that the effects reported here are caused by the enhanced scattering induced by the heavy ion bombardment.
To further analyze the power-law behavior and its variation with irradiation, we plot ∆λ as a function of (t = T /T c ) n0 in Fig. 2 , where the n 0 values for FeCo122 and FeNi122 were chosen from the best power-law fits of the unirradiated samples (see Fig. 3 ). While the data for unirradiated samples appear as almost perfect straight lines showing robust power-law behavior, the curves for irradiated samples show downturns at low temperatures indicating smaller exponents. This observation, emphasized by the plots of the derivatives d∆λ(t)/dt n0 in the inset of Fig. 2 , points to a significant change in the lowenergy excitations with radiation.
The variations of T c and n upon irradiation are illustrated in Fig. 3 . Dashed lines and circles show FeCo122, while solid lines and triangles show FeNi122. The upper panel shows the variation of T c and the width of the transition. Since B φ is directly proportional to the area density of the ions, d, we can say that T c decreases roughly linearly with d. The same trend is evident for the exponent n shown in the lower panel of Fig. 3 . The fitting pre-factor A increases somewhat upon the increase of irradiation dose, but remains smaller than the value measured previously in unirradiated samples [18, 19, 24] .
The experimental results fit comfortably within the hy- 
FIG. 2. Detailed comparison of the functional form of ∆λ(T )
for irradiated FeCo122 and FeNi122. In the main panels ∆λ(T ) is plotted vs. (t = T /Tc) n 0 with the exponents n taken from the best fits of unirradiated samples: n0 = 2.8 and 2.5 for FeCo122 and FeNi122, respectively (see Fig.1 ). Apparently, irradiation causes low-temperature deviations, which are better seen in the derivatives, d∆λ(t)/dt n 0 , plotted in the insets.
pothesis of s ± superconductivity with two isotropic gaps. The superfluid density in linear response is
(1) where one sums over the contributions from the electron and hole bands; v f,i and N f,i are the Fermi velocity and density of states in these bands, taken to be equal for the calculations. Two order parameters ∆ 1,2 are computed self-consistently together with the tmatrix treatment of impurity effects, which renormalize the Matsubara energies iε m = iε m − Σ imp,i and the gaps ∆ i = ∆ i +∆ imp,i [37] . Impurities are characterized by the strength of the potential for scattering within each band, v 11 (= v 22 ), given by the phase shift δ = tan −1 (πN f v 11 ), the ratio of potentials for inter-band and intra-band hopping, δv = v 12 /v 11 , and the impurity scattering rate Γ = n imp /πN f . The essential theoretical results are presented in Fig. 4 while the full calculations will be published elsewhere [38] . The best agreement with the experiment is obtained for two isotropic gaps, ∆ 2 ≈ −0.6∆ 1 , strong inter-band scattering δv = 0.9 and phase shift δ = 60
• between the Born (δ → 0) and unitary limits (δ → 90
• ). The calculated ρ(T ) was fitted to the power-law, ρ(T )/ρ 0 ≈ ρ(0)/ρ 0 −a (T /T c0 ) n , which is directly related to the penetration depth, ∆λ(T )/λ 0 ≈ a ′ (T /T c ) n , with ρ 0 and λ 0 being the T = 0 superfluid density and penetration depth in the clean system and a
. We find that with an increase in Γ, the power n decreases from n > ∼ 3 to n ≈ 2 (see Fig. 4(a) ), which is in perfect agreement with experiment. The values of n depend sensitively on the structure of the low-energy density of states, which is shown in Fig. 4(b) . The intermediate strength of scatterers is important for creation of a small band of mid-gap states separated from the continuum. As the disorder is increased, these states close the gap in the spectrum and gradually increase in magnitude, driving the low-temperature power-law dependence from exponential-like, n > 3, to n ≈ 2. This behavior of n is largely independent of the details of the model, whereas a ′ can slightly increase or decrease depending on the different ratios of the gaps on two Fermi surfaces and different impurity parameters.
Finally, in Fig. 4(c) we show the central result of our study: the correlation between T c and n. Note that these two quantities are obtained essentially independently of each other. Assuming that the unirradiated samples have some disorder due to doping, and scaling T un c to lie on the theoretical curve, we find that the T c (B φ ) of the irradiated samples also follows this curve. The assumption of similarity between doping and radiation-induced disorder, implied in this comparison, while not unreasonable, deserves further scrutiny.
In summary, we determined the effect of irradiation on λ(T ) and demonstrated that the disorder-induced reduction of the power-law exponent 2 < n < 3 is naturally explained in terms of the isotropic extended s-wave state [3, 4] with pair-breaking interband scattering [3, 16, 39] . We have also considered models for nodal states, but they showed the opposite trends: increase of n with disorder in the interval 1 < n < 2, and thus can be excluded. Taken together with reports of fully gapped states from thermal conductivity [40] and angle resolved photoemission spectroscopy [41] , our results present the most convincing case, up to date, in favor of the extended s ± pairing symmetry having a nodeless order parameter in the optimally doped 122 system.
The picture of strong pair-breaking scattering is also consistent with recent proposals of the universal behavior in the thermal and electromagnetic responses of iron-based superconductors [16, 42, 43] . Nonetheless, we should note that nodal states may still exist in Pcontaining compounds [44] [45] [46] or along the c-axis of heavily overdoped Ba122 pnictides [23] .
